Nonlinear Raman microspectroscopy based on a broadband coherent anti-Stokes Raman scattering is an emerging technique for noninvasive, chemically specific, microscopic analysis of tissues and large population of cells and particles. The sensitivity of this imaging is a critical aspect of a number of the proposed biomedical application. It is shown that the incident laser power is the major parameter controlling this sensitivity. By careful optimizing the laser system, the high-quality vibrational spectra acquisition at the multi-kHz rate becomes feasible. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
Noninvasive, or minimally invasive, imaging plays an important role in both the fundamental understanding of cellular and subcellular processes and diagnosing and observing the progression of diseases. 1 Optical spectroscopy methods based on scattering can provide a substantial image contrast to be able to identify different tissue structures 2 and cellular organelles. 3 Even more information is available through light absorption measurements by means of photoacoustic spectroscopy and imaging. 4 Fluorescence spectroscopy further extends the specificity of optical imaging, often providing quantifying information about molecular species. 5, 6 Its nonlinear optical analog, mutliphoton fluorescence microscopy, together with other nonlinear optical spectroscopy techniques, such as the second-harmonic and the third-harmonic generation microscopies, provide an enhanced image contrast and molecular specificity. [7] [8] [9] [10] However, the most chemically specific optical technique, Raman spectroscopy, has been always considered as an emerging tool in biomedical imaging, mainly, because of its major drawback, relatively low signal intensities. Indeed, the differential cross section for a nonresonant Raman scattering is routinely 10 orders of magnitude smaller than that for fluorescence. As a result, for a typical tissue, signal is dominated by fluorescence from a number of native fluorophores, which cover almost all the visible spectral region. To deal with this obstacle, a nonlinear optical analog of Raman scattering, coherent anti-Stokes Raman scattering (CARS), was introduced as a possible solution to existing problems, 11 and first CARS microscopy images were attained. 12 However, it took more than a decade for of continuous development of laser technology to make a revitalizing new attempt to bring this exciting technology back into the spotlight. 13 Nowadays, we witness the resurgence of CARS spectroscopy/microscopy, which brings new enthusiasm into the field of vibrational microspectroscopy and its applications to biomedical sensing and imaging. [14] [15] [16] [17] [18] [19] [20] [21] [22] Most of the recent progress can be attributed to the revolutionary achievements in ultrafast laser technology, which have greatly improved the stability and availability of user-friendly laser sources suitable for CARS microscopy and microspectroscopy. In the same time, for any of the currently discussed applications for biomedical imaging to be feasible, the cost of such systems has to be further reduced, and significant efforts have to be made toward increasing the sensitivity of CARS detection. Indeed, many lasers, which are currently employed for CARS imaging, are utilizing Ti:sapphire oscillator or oscillator/amplifier systems, which are great tools for laboratory experiments, but are expensive and somewhat unpractical for the hospital setting. We anticipated this problem earlier and in 2001 suggested a rather simple approach utilizing a broadband CARS microspectroscopy system based on the narrowband pump and broadband Stokes pulse excitation, which lacks any spectral alignment and allows the full spectrum to be recorded using a simple spectrometer. 23, 24 This idea became highly attractive for a number of research groups, who already had femtosecond Ti:sapphire laser oscillator, since the synchronized Stokes pulse could be easily generated in photonic crystal fibers. 25, 26 The simplicity of such approach was extremely attractive for a number of researchers, since now, to get the full vibrational spectrum in CARS spectroscopy, one didn't have to be proficient in laser technology by tweaking the excitation frequency while trying to preserve the optical alignment through the optical microscope.
With all the great achievements of CARS microscopy and microspectroscopy, we note that the majority of the work has been focused either on lipids or lipid rich tissues, 27 for which even spontaneous Raman signal is rather strong. In this report we are trying to evaluate the sensitivity level of CARS detection and the ways of improving by constructing a more advanced laser system for CARS microspectroscopy imaging. The paper is organized in the following way. First, we present a brief introduction to CARS spectroscopy and microscopy, in which we evaluate the signal strength of the CARS signal and the ways to improve it. In the second part, we discuss two laser systems, which, arguably, allow the highest signal-to-noise ratio CARS microspectroscopy imaging. Finally, we will show some examples of CARS microspectroscopy sensing and imaging and outline the roadmap for high-throughput vibrational cytometry, which, in our opinion, is by far the most promising application of CARS microspectroscopy, where it is a clear advantage with respect to its more traditional counterparts, such Raman and infrared spectroscopy.
Theory
CARS spectroscopy is a particular case of four-wave mixing, when two incident waves coherently excite the vibrational Raman transition and the resulted coherent molecular vibrations scatter light more efficiently than they would normally do in spontaneous Raman scattering. It is a nonlinear optical effect and the efficiency of the process, i.e., the intensity of the CARS signal, is proportion to the third power of the incident intensity, I (ω), and the second power of the interaction length, L, i.e.,
where ω 1 , ω 2 , and ω 3 are the frequencies of the pump, Stokes and probe beams, as illustrated in Fig. 1 . Clearly, there are two effects which are responsible for a possible signal enhancement. First, it is an induced coherence, which is related to the intensity of the incident beams, and, second, it is a coherent interaction, which is dramatically enhanced with the increasing number of molecules in the excitation volume. This creates a clear path to a successful implementation of CARS spectroscopy for imaging: one has to use highest possible light intensity and the largest number of molecules in the excitation volume. The first one seems to be natural for microscopic imaging, since by focusing the light radiation down to diffraction-limited spot the light intensity increases; however, by reducing the size of the excitation volume, one substantially affects the number of molecules. Let us perform some rough estimation on the CARS signal dependence on the focal beam size, assuming a simple collinear geometry and diffraction limited beams. If the beam-waist is w 0 , then the Rayleigh length, l R , which defines the interaction length, is
where λ is the incident wavelength.
Each intensity in the Eq. (1) is inverse proportional to the square of the beam-waist, leading that the total power of the generated CARS signal is inverse proportional to the square of the beam-waist, while the square of the interaction length is proportional to the fourth power of the beam waist, making the total CARS signal, which is calculated by integrating over the square area of the beam, is independent on the focal spot-size. While the final result that the integrated CARS signal does not depend on the focusing conditions seems like a surprising result, it has been known for some time (see, for example, Ref. 28) , and it has a very important consequence that in order to increase the CARS signal one has to increase the incident power, i.e., more energy per pulse is needed.
The other nontrivial result comes when one tries to compare the CARS signal with a more traditional spontaneous Raman signal. Over the past few years in literature, it is getting silently assumed that CARS spectroscopy always provides a stronger signal than Raman scattering. However, it is not generally true, and it was a subject of an extensive discussion in literature. 21, [29] [30] [31] [32] [33] [34] Here, rather than trying to do extensive calculations, we are just relying on a general physical sense to understand the possible limits of CARS microspectroscopy. In order to improve the efficiency of CARS generation, one has to use high-intensity pulses, which might cause a substantial damage to a living organism. It is less of a problem for bacterial spores, 21 or any nonliving organic substance, 29, 30, 32 but there is always an upper limit of the light intensity which can be used without disturbing the cell's integrity and vitality. On the other hand, the CARS signal, being a result of coherent interaction, is proportional to the square of the number of molecules in the excitation volume. Earlier work (see, for example, Refs. 29 and 30) has demonstrated that for a given incident intensity, there is critical number of molecules, which makes CARS spectroscopy more favorable than Raman spectroscopy for the shot-noise limited detection. Thus, in order to improve the sensitivity of vibrational spectroscopy to detect small concentrations of molecular species, it is necessary to increase the excitation volume, which increases the total number of molecules producing CARS signal making CARS microspectroscopy significantly more favorable. 32 The detailed analysis of the signal-to-noise ratio (SNR) for both CARS and Raman signals under microscopic focusing conditions is given in Ref. 33 , which also provides with some practical recommendations for using both spectroscopies for microscopic imaging. In particular, when low concentrated molecular species have to be quantified, there is a simple solution which utilizes the incident light of the maximum intensity with the largest beam's spot-size on the sample. To achieve this, one has to increase the total energy of the pump beam. Thus, by increasing the incident pump energy, while increasing the beam size on the sample, one can collect more CARS photons from the same concentration of a sample.
There are also several practical advantages of using CARS microspectroscopy. One of them is a directionality of the signal beam. It is generally easier to align CARS signal to collect the vast majority of the generated signal than to do the same thing for Raman scattering. The non-resonant background in CARS spectroscopy, which will be discussed later, actually helps in heterodyning the CARS signal brining it above the floor noise level of a typical detector. This is especially important for rapid data acquisition, which requires line detectors with a typical
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Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 17 Oct 2019 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use readout noise of 100-200 electrons per pixel. One of the most significant obstacles for high-quality Raman imaging is the fluorescence background, which results in a substantial degradation of the SNR for Raman scattering; however, since the CARS signal is blue shifted with respect to both the pump and Stokes wavelengths, it is not a problem for CARS microspectroscopy. The list of pros and cons can be further extended, but, at the end, it all depends on a particular application, and the one we are interested in is related to detecting small variations of the chemical composition of the whole cell for the purpose of a high-throughput cell cytometry. There is simply not enough time to collect CARS or Raman microscopic images, since a typical flow rate is of the order of 1000 cell per second, and, when a cell is taken as a whole object, average concentrations of all molecular species are rather low. This is a challenging task; however, we will take a rather simplified approach. We need to collect the CARS spectra from the whole cell, which is, typically, represented by a volume of about (10 μm). 3 We note that this is at least 1000 times greater than a typical focal spot in a more conventional CARS microscopy, but the advantage of having such a large volume is related to the increased number of molecules, which according to our above estimations will result in a greatly enhanced CARS signal. If we can maximize the incident intensity bringing it up to the level allowable by cell damage, we can take a full advantage of the given geometry. Assuming an 1 kW/ (μm) 2 intensity limit (more discussion will follow later in the text), it results in 100 nJ per pulse for 1-ps pulse duration. That is a much larger amount of energy, which is available through a typical oscillator, and, not surprisingly, many groups are utilizing amplifier systems for fast CARS spectral acquisitions. [35] [36] [37] [38] [39] While those ultrafast amplifier systems are getting more compact and less complex, the price tag for such systems still remains in $500,000 range, making CARS system less attractive than more traditional Raman imaging systems.
The next section is devoted to the recent laser developments in our laboratory aimed at constructing a low-cost, lowmaintenance ultrafast lasers for CARS microspectroscopy.
Laser Development for CARS Microspectroscopy 3.1 The Choice of the Incident Wavelength
The choice of the incident wavelength is absolutely critical for pushing the limits of the CARS microspectroscopy system. There are a limited number of studies related to the effect of short pulsed irradiation on living cells and tissues; 24, [40] [41] [42] [43] [44] [45] [46] however, there are two major trends, which are generally accepted. The energy density damage threshold goes up with the increasing pulse width, and it goes down with the decreasing wavelength. While the exact mechanism for cellular damage induced by ultrashort laser pulses is rather complex and is not quite clear, the above guidance can be used in designing CARS microspectroscopy system. Clearly, living cells can tolerate higher intensity for longer excitation wavelength, and that is why wavelength region from 1000 to 1300 nm, where linear absorption is still rather negligible, 47 is the best suited for CARS imaging. There is not enough work done in this spectral region to determine the exact safety guidance for ultrashort laser pulses, but using the data of Refs. 21, 42, 43, and 46, we can deduce a value of energy density of about 3 nJ · (μm) −2 to be safe in the wavelength region 1000-1300 nm and the range of pulse durations from 5 to 10 ps. This energy corresponds to the total energy of 300 nJ focused into a single cell. It is not only a lot of energy, but it is also, potentially, a lot of average power. At 1 MHz rate it corresponds to 300 mW of average power. In cytometry, samples are rapidly moving through the observation point with a typical transient time a cell or a particle being in the focal volume of 1 ms or less. Using the earlier developed thermal diffusion model 48 and typical absorption values of the cell's material, 47 we can confirm that the above quoted power does not raise the temperature of a cell more than 1 • C. It also shows that higher repetition rate lasers can be also used without presenting a substantial danger for the flowing particles and cells; however, moving cells with a higher speed is rather difficult, while higher power lasers are significantly more expensive and less abundant.
Laser System for CARS Microspectroscopy
We have started with adapting our earlier CARS system. 24, 49 In brief, a diode-pumped Nd:YVO 4 oscillator's cavity was extended to operate in a low repetition mode, 50 and some part of the fundamental beam was sent into a special, GeO 2doped fiber (UHNA3, Thorlabs, Inc.) to generate a broadband continuum. 49, 50 Our original designed was mostly optimized for the laser performance at around 10 MHz, and at the most favorable 1 MHz repetition rate was not very stable at the high average output power. The later can be easily explained considering the high energy per pulse (several microjoules), which simply caused a number of other competing nonlinear optical properties inside the laser cavity, such as stimulated Raman scattering, affecting the long-and short-term stability of the laser. Thus, we were forced to operate in a low-power regime with a typical output power of 700-1000 mW, which corresponds to the pulse energy of around 0.7−1 μJ. We used a diode pumped Nd:YVO 4 amplifier to further boost the energy of the system to about 8 μJ. This is a desirable level of energy to perform the CARS microscopy imaging and sensing at the rate up to 100,000 spectra/s. However, the final laser design resulted in a bulky system, which, despite of being robust and extremely stable, now occupies a significant portion of 4 ×6 optical table and requires two independent diode drivers to power the unit. Clearly, a better solution is needed to make it more practical.
To make things simpler and more compact we turned ourselves to fiber laser technology, which over the past several years moved very quickly into ultrafast area. 51 Ultrafast fiber lasers, by definition, should be all fiber based laser system or with minimum nonfiber based components. It allows a compact, energy efficient and environmentally safe design. Figure 2 shows a schematic diagram of a typical high energy fiber laser system. 51, 52 It includes a seed mode-locked femtosecond fiber laser operating in the 1030-1064 nm spectral region, fiber stretcher, an acoustic-optic (AO) modulator (pulse picker) reducing the repetition rate from 10 s MHz to a range of 10 kHz to 2 MHz, and high energy/power fiber amplifier systems. Fiber laser systems with up to 100 μJ of energy have been developed into products. However, due to the nonlinearity, gain narrowing, and third-order dispersion (TOD) mismatch, the pulse width is limited to subpicosecond level, which is far from ideal for CARS microspectroscopy, which requires narrowband pulses for spectral resolution.
PolarOnyx, Inc. used a novel fiber-based dispersion management stretcher 53 in dechirping the pulse and reducing TOD to the minimum. One of the key pulse-shaping techniques is to manipulate the third-order dispersion (TOD) of the fiber. Basically, the dispersion in the fiber is controlled by both material dispersion and waveguide dispersion. A typical material dispersion shows a positive dispersion slope in the 1020-1090 nm spectral region. With traditional fiber designs, such as that for Corning's (Corning, NY) SMF-28, the TOD is always a positive number around 0.3 ps/nm 2 -km, which does not match the TOD of the grating compressor used. However, by manipulating the fiber waveguide structure (with a depressed cladding), waveguide dispersion can be introduced to modify the material dispersion such that the TOD and dispersion slope of the whole fiber system are matched, especially with the grating compressor.
Bulk grating pair was used as a compressor. If photonic bandgap fiber (PBF) can be used in the compression stage, a truly all fiber solution would be provided for the high energy fiber laser without any discrete free space components. This is significant for many biomedical applications.
In the high power PCF amplifier, first, a photonic crystal fiber (PCF) was used to provide a large mode field diameter (60 μm) for signal amplification in the core and a large numerical aperture (NA), as high as 0.8, in the cladding for coupling more pump power into the fiber. This enabled the use of a short length of fiber to achieve a high average output power and to reduce the effect of nonlinearity for the high-energy-pulse operation. Second, the PCF was highly doped to allow more power extraction to be accomplished. Figure 3 shows a detailed design of the PCF high power amplifier with integrated pump solution. It has a total of 200 W pump power capability launched into the PCF amplifier. As much as 100 μJ of energy at 1 MHz repetition rate were amplified and compressed to transform-limited pulse duration, resulting in up to 100-W average power total power available in a compact and energy-efficient package. Figure 4(a) shows the pulse train and autocorrelation trace for 100 μJ level energy operation, corresponding to 100-W average power. The contrast ratio was higher than 36 dB indicating very clean pulse amplification. The pulse width [see Fig. 4(b) ] was measured to be about 1 ps and was very close to a transformlimited pulse duration derived from the spectrum. The satellite pulse originated from the imperfect polarization maintaining fiber design, which could be further improved to reduce it to the level of less than 1% of the main pulse. Figure 4(c) shows the beam quality with the M 2 measured to be less than 1.3.
Clearly, with the rapid advancement of fiber laser technology it is possible to replace our current system with the one generating even more energetic and shorter pulses. 
Extending the Wavelength
With all the attention centered on photonic crystal fibers, 54 it is somewhat easy to overlook better opportunities to generate broadband white-light supercontinuum for the Stokes pulse in CARS microspectroscopy. However, the conventional mechanism for supercontinuum generation based on the self-phase modulation is not the most ideal one for this purpose. The generated spectrum is rather noisy and does not have the energy (about 100 nJ) required for efficient CARS generation. That is why we turned our attention to a different mechanism of supercontinuum generation via cascaded stimulated Raman scattering, 55 which can be further assisted by the self-phase modulation. 56 The best fiber material for such supercontinuum generation is GeO 2 , which has a significantly larger Raman cross section than fused silica and larger nonlinear refractive index. One of the possible fibers is HI-1060 fiber (Corning, Inc., Corning, NY), which has a much larger mode diameter than UHNA3 fiber and can support more energy per pulse. With a 1.5-m long fiber and about 65% overall transmission, we were able to obtain a very bright supercontinuum spectrum, whose development as a function of the transmitted power is shown in Fig. 5 . At the maximum output power, we obtained a spectral brightness of the supercontinuum of about 2 nJ/nm. The spectrum extends 400 nm away from the incident wavelength, covering all the vibrational frequencies of interest.
We also evaluated large mode area fibers, such as LMA20 (Thorlabs, Inc., Newton, NJ), for even brighter continuum generation. It is made out of fused silica, so that the effects, which related to stimulated Raman scattering, are not pronounced; however, due to a much larger mode diameter it allowed propagation of more energetic pulses without any visible damage and generation of a more powerful supercontinuum. 57 To this date we were able to generate up to 3 μJ per pulse is a supercontinuum spectrum, which is displayed in Fig. 6 . With more energetic pulses available from a new fiber laser system we expect this supercontinuum to be even brighter and broader.
Experimental Results on Sensitivity Measurements
Our major research objective is to study molecules in condensed phase. However, to make an impressive comparison with spontaneous Raman spectroscopy, we measured the CARS spectrum of air, which normally mostly consists of molecular oxygen and nitrogen. Measuring Raman spectra of air is a rather tedious task, since those measurement typically require very long acquisition times and/or UV excitation 58 to improve the Raman cross section. In our case, we just simply combined two beams (one at 1064 nm, which serves both as the pump and probe beam, and supercontinuum, which serves as the Stokes beam) using a dichroic beamsplitter (Omega Optical, Inc., Brattleboro, VT) and loosely focused them in ambient air in a collinear geometry using a 10-cm focal length achromatic lens (ThorLabs, Inc., Newton, NJ) with an effective numerical aperture of about 0.05. The CARS signal was collected and collimated using a similar achromatic lens, and, after the short-pass filter (Omega Optical, Inc., Brattleboro, VT), which rejected most of the pump beams, was sent into 1 2 -meter spectrometer (Horiba, Inc., Edison, NJ), where the signal was detected using thermoelectrically cooled CCD camera [(Andor Tech, Inc. (South Windsor, CT) iDUS-401-BRDD)]. The experimentally measured spectral resolution of CARS spectra was 3 cm − 1 (in comparison, the spectral resolution of all the experimentally reported Raman spectra was about 10 cm − 1 ). With as little as 100 mW in each of the incident beams and exposure time of just 10 ms, we were able almost to saturate the detector (see Fig. 7 ) at the lowest gain setting. We somewhat varied the focusing lens keeping the incident power the same and confirmed that the generated CARS signal didn't depend on the numerical aperture of the focusing lens. Clearly, the sensitivity of CARS measurements, i.e., the rate of generated photons, depends only on the incident power, and, for improved sensitivity, one just has to increase the powers of pump, Stokes and probe beams, while adjusting the spot size accordingly to avoid the damage to a sample.
Nonresonant Background in CARS Microspectroscopy
One of the most often discussed problems in CARS spectroscopy is a so-called nonresonant background. It comes from a nonresonant four-wave mixing process from a number of surrounding molecules. While this background can be rather small for molecules with sharp vibrational transitions and high relative concentrations of those molecules (see Fig. 7 ), it imposes a substantial obstacle for a typical soft tissue consisting of 90% water molecules. There are many ways of reducing the non-resonant background through polarization or time-delayed schemes, 59 as well as using interferrograms to extract the imaginary part of the χ (3) tensor. 38, 60, 61 We mostly use phase retrieval method, which is based on the Kramers-Kronig relationship. 62, 63 It can be understood in a rather simple way: if one measures the absolute value of χ (3) everywhere in the spectral domain, then, since its imaginary and real components are related through a modified Kramers-Kronig relationship. 63 The difficult part is the algorithm, which allows fast and accurate retrieval based on the partially measured spectrum. Apparently, maximum entropy method (MEM) works extremely well for this purpose. 61, 64 The accuracy and reproducibility are greatly enhanced, if a broadband CARS spectrum is measured. Since there are no vibrational lines in the spectral region from 1900 to 2400 cm − 1 , this region serves as a good reference and ensures high fidelity Raman spectra retrieved from CARS spectra. The bandwidth of the generated CARS spectrum is governed by the phasematching conditions, and, generally, it is considered that tightly focusing arrangement, which minimizes the interaction length, results in a broader bandwidth. We find that by normalizing the CARS spectrum from a sample under study to the CARS signal taken from a water solution, which does not have significant resonances in the spectral region of our interest, under the same excitation conditions can dramatically extend the bandwidth of CARS measurements. The same normalization procedure also avoids the uncertainty of the spectral response of the CCD and transmission factors of spectrometer and all optical elements. We have incorporated phase retrieval algorithm into data acquisition LabView-VI routine (National Instruments, Inc., Austin, TX) using MathLab programming language. It normally takes 1 s for a retrieval of a single spectrum consisting of 1024 data points on a single-processor PC (1.5 GHz CPU).
With the continuous development of field-programmable array technology, 65 we expect this time to be cut significantly to submillisecond level. One of the less obvious advantages of the phase retrieval is that the nonresonant background serves the purpose of heterodyning signal, i.e., effectively amplifying the resonant CARS signal above the noise level of a typical detector. It is especially important for high-speed spectral imaging, which has to utilize CMOS detectors with a typical read-out noise of 100-200 electrons/pixel. Rather than talking about other advantages of the phase retrieval methods, we would focus here on its limitations. First, it actually works best when the resonances in CARS signal are relatively weak. It can be understood by following the assumptions of Ref. 62 , which heavily relies on the dominance of the nonresonant contribution. When it is not true, as it is illustrated in the following example where a concentrated solution of sodium nitrate, which is a typical inorganic component of many biological buffers, was used as a sample. The resonant CARS line is very pronounced, but a directly applied phase retrieval algorithm gives an amended spectral shape, which is much different from the one measured using a conventional spontaneous Raman spectroscopy (Fig. 8 ). However, this type of features can be successfully incorporated into retrieval algorithm, and the following example of CARS spectrum of trans-stilbene ( Fig. 9 ) clearly shows that such effects can be taken off. The second unpleasant feature of the retrieved Raman spectra is that, while the positions of all Raman lines agree very well with the ones measured in Raman spectroscopy, their relative amplitudes can be substantially different. Since we see the most differences, when the sample under study has appreciable resonance absorption, we attribute this to a spectrally dependent Raman scattering. It is difficult to quantify these effects, and, clearly, more work is required to acquire a better understanding of this effect, so the best way to deal with this problem is to treat the retrieved Raman spectra as normal Raman spectra, and use the advanced statistical methods of multivariant data analysis 66 applied to CARS spectra. However, this tedious task will require a comprehensive library of those CARS and retrieved Raman spectra similar to those already available for IR and Raman spectra of major biological molecules and compounds. 67 The final remark is about possible limitations of using retrieval methodology. We have already shown that noisy data is not an obstacle for phase retrieval procedure. 21 Recently, we tried to evaluate how much of the nonresonant background can be handled by the phase retrieval algorithm. The following example was taken for a physiological D-glucose solution (10 mM). The CARS spectrum in the fingerprint area shows just a tiny modulation [see Fig. 10(a) ], while the retrieved Raman spectrum shows all the characteristic lines of D-glucose with high signal-to-noise ratio [see Fig. 10(b) ]. One can understand this using a simple estimation. Using a 16-bit detector, we typically achieved 12-bit dynamic range of signal detection. With the resonant background of about 1% of the total signal, it corresponds to about 50:1 SNR for the retrieved Raman signal, and this is about what we observed in our real data. Since the retrieved signal is scaled linearly with the concentration, we should expect that for the SNR = 1 the minimally detected concentration of glucose should be 0.2 mM. If more sensitivity is required, one can reduce the nonresonant background using polarization or time-delayed scheme, while simultaneously increase the data acquisition time to use the full dynamic range of the CCD detector. 
CARS Microspectroscopy Imaging and Sensing 6.1 Imaging Application of CARS Microspectroscopy
The ability of CARS microspectroscopy to measure the full Raman spectrum at any given point of the sample opens a wide window of opportunity to create the 3-D chemical distribution maps of the complex samples with unprecedented acquisition speed. In the following example, where the imaging speed was limited solely by the speed of the used detector (a typical scientific-grade CCD camera allows setting up a short data acquisition time, but still needs a rather long transfer time), we collected CARS spectra in the spectral region from about 500 to 2000 cm − 1 using a millisecond-level acquisition time by scanning a sample through the focal volume. Our sample was made out of CyGEL, 68 in which polystyrene microspheres were incorporated as targeted objects. We first acquired the CARS and Raman spectra of both the CyGEL and polystyrene to make sure once again that retrieved Raman and independently measured Raman spectra were in a good agreement for both materials (see Figs. 11 and 12 ). Then we identified specific Raman lines to detect the presence of each chemical substance (at around 850 cm − 1 for CyGEL and at around 1000 cm − 1 for polystyrene) and plotted the CARS images for both the CyGEL and polystyrene distribution [see Figs. 13(a) and 13(b)]. While both chemically specific images of polystyrene [ Fig. 13(a) ] and CyGEL [ Fig. 13(b) ] seem to reflect the distribution of chemicals in the scanning plane, we note that for a "nonspecific" case [see Fig. 13 (c)], where CARS signal was taken at around 1800 cm − 1 , we also observed a characteristic signal distribution, as it is shown in Fig. 13(a) . However, when we first retrieved all the Raman spectra, and took the difference signal at "polystyrene-specific" line and at "nonspecific" location, the image contrast was significantly improved. We believe that the refractive index contrast plays an important role in the development of the image seen in Fig. 13(c) , similar to the one observed in the case of third harmonic generation microscopy. 10 However, retrieved Raman spectra provide a better chemical contrast, which is free of artifacts caused by refractive index distribution and object shadowing.
Sensing Application of CARS Microspectroscopy
One of the main applications of our CARS microspectroscopy system is high-throughput vibrational cytometry. We evaluated the possibility of collecting CARS spectra of individual cells. To do so, we used Saccharomyces cerevisiae (baker's yeast) cells placed in fused silica capillary tube. We used about 50 mW in the pump/probe beam and about 50 mW in the Stokes beam weakly focused into a 5-micron spot. To minimize the interaction length of the beams, we used a folded BoxCARS geometry. 69 CARS spectra were routinely collected using an acquisition time of 10 ms. Retrieved Raman spectra show a clear resemblance with spontaneous Raman signal, which took significantly longer time to collect (see Fig. 14) . We also noticed that the major limiting factor in speeding up the data acquisition was not the peak power, but the average power of the incident beams, which resulted in the temperature build up and the apparent damage of the irradiated cell occurring on the time scale of several seconds. By slowly flowing those cells through the tube, we were able to increase the incident beam power and shorten the acquisition time to 1-ms level without sacrificing the quality of the signal. We anticipate that with higher flowing speeds we can use even more incident power, pushing down the acquisition time even further. In the same time, our detection side can be further optimized. In the presence setting, an optical fiber is used to deliver the optical signal to the spectrometer. This results in about 50% signal transmission, which is further reduced by the 30% transmission of the spectrometer. Using an optimized highthroughput spectrometer and eliminating intermediate losses we expect that the optical signal will be strong enough to match the maximum spectral acquisition speed of 140,000 spectra/s, which is currently available through line-scan CMOS devices. 70
Conclusions
In this report we outlined recent advances of laser technology and data acquisition, which now allow CARS microspectroscopy imaging with an unprecedented speed. By carefully designing the optical system and optimizing the signal-to-noise ratio through expanding the excitation volume and increasing the incident power of the incident beams, we achieved several orders improvements in terms of the signal strength. The de-Journal of Biomedical Optics February 2011 r Vol. 16 (2) 021114-9
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 17 Oct 2019 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use signed system is favorably compared to both the IR and Raman imaging in terms of the acquisition speed; it provide with the same information content and is rather inexpensive, i.e. potential users do not have to pay extra for the significantly improved performance. The use of fiber lasers and CMOS detectors allow compactness and low operating cost. We anticipate further dramatic developments to happen on the data analysis end, where the real-time data analysis is yet to be demonstrated. The developed system is ready for rapid analysis of particles and cells and can be used for fast chemical analysis of tissues. 71, 72 
